The FS RoCS System Development Test Article (SDTA) is a full scale, flight representative water flow test article whose primary objective was to obtain fluid system performance data to evaluate integrated system level performance characteristics and verify analytical models. Development testing and model correlation was deemed necessary as there is little historical precedent for similar large flow, pulsing systems such as the FS RoCS. The cold flow development test program consisted of flight-similar tanks, pressure regulators, and thruster valves, as well as plumbing simulating flight geometries, combined with other facility grade components and structure. Orifices downstream of the thruster valves were used to simulate the pressure drop through the thrusters. Additional primary objectives of this test program were to: evaluate system surge pressure (waterhammer) characteristics due to thruster valve operation over a range of mission duty cycles at various feed system pressures, evaluate temperature transients and heat transfer in the pressurization system, including regulator blowdown and propellant ullage performance, measure system pressure drops for comparison to analysis of tubing and components, and validate system activation and re-activation procedures for the helium pressurant system. Secondary objectives included: validating system processes for loading, unloading, and purging, validating procedures and system response for multiple failure scenarios, including relief valve operation, and evaluating system performance for contingency scenarios. The test results of the cold flow development test program are essential in validating the performance and interaction of the Roll Control System and anchoring analysis tools and results to a Critical Design Review level of fidelity. 
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A. Flight System Description
The FS RoCS flight design incorporates a distributed, pressure-regulated Gaseous Helium (GHe) pressurization system, with localized sets of monopropellant Hydrazine (N 2 H 4 ) tanks. The FS RoCS configuration has two thruster modules that are 180 o apart, with a pair of localized propellant tanks located behind each thruster module inside the Interstage surface. The overall FS RoCS architecture includes: pressurant loading, pressurant storage, pressurant regulation and isolat uster assemblies to deliver the required impulse and moment generation capability. This architecture provides one failure tolerance for function and prevention of catastrophic hazards, such as inadvertent thruster firing, bulk propellant leakage, and over-pressurization.
The pressurization system includes two ambient-referenced regulators on parallel strings to attain the required system level single Fault Tolerance (FT) for function. A single burst disk and relief valve assembly is included to ensure single FT for must-not-occur catastrophic hazards.
The system is designed to support the simultaneous firing of multiple thrusters as required to counteract roll torque disturbances. Each thruster module contains six 625-lbf thrusters (three each in the positive and negative roll directions), four acting as primary thrusters and two as redundant thrusters. The thruster flowrate is approximately 3.0 lbm/sec of Hydrazine at the rated thrust level. All thrusters are in an inline configuration (catalyst chamber and nozzle), with nozzle centerlines being parallel to the Y-Z plane of th ted 20 o relative to the tangent of the interstage outer wall (28° absolute) in order to reduce plume thermal effects and subsequent interstage Thermal Protection System (TPS) mass. The baseline design also incorporates series redundant, pneumatically actuated Thruster Control Valves (TCV).
Propellant is stored in four supply tanks, with two located in a localized configuration behind each thruster module inside the Interstage structure. Propellant tanks are an all-metal cylindrical design, with elastomeric diaphragms for positive expulsion. The total propellant mass is approximately 1136 lbm with 40 lbm of that being unusable. The volume and dry mass for each propellant tank is approximately 8115 cubic inches (in 3 ) and 40.0 lbm with the nominal and Maximum Expected Operating Pressures (MEOP) being approximately 639 and 793 psia respectively. The distributed pressurization subsystem is located along the inner wall of the Interstage, approximately halfway between the thruster modules and is comprised of three high pressure helium storage tanks and a Helium Pressurant Module (HPM). Each of the high pressure, cylindrical composite over-wrapped GHe pressurant tanks are designed to operate at a maximum helium pressure of 4500 psia and has an internal volume of approximately 8438 in 3 and an estimated weight of 74.0 lbm. The total amount of GHe loaded is estimated to be 35 lbm, with 21.5 lbm being unusable due to end of mission pressure and temperature constraints as well as the rapid mission usage timeline. A common pressurant system is used f he pneumatic thruster valves due to commonality of operating pressure levels. Additionally, helium manual valves and service valves are added to facilitate propellant loading of the localized propellant tanks from the service panel. General dimensions for the RoCS are show
The FS RoCS configuration is designed to f system. The service panel (which contains the f allow access to the service valves from outside the vehicle. A liquid trap/low point is located on the propellant fill/drain lines. A purge line is located at the top of each thruster module and routed back to the service panel. Two service valves, one for the +Z S thruster module and one for the -Z S thruster module, provide a continuous purge circuit for each module and are used in conjunction with the propellant manifold to facilitate faster draining. The outer diameter of the fill/drain line is ¼" to ensure adequate drain a draining, purging, and decontamination of the prope in valves) is located on the outside of th g formance. Further details concerning the evolution of the FS RoCS design can be found in References 4 and 5.
To provide system compliance for misalignments, tolerance stack up, vibrations and other loads, flex lines are installed at the thruster mounting plates so that, in conjunction with the flex lines, the vibration loads from the lines do not restrict the thruster vibration isolators. A schematic of the flight design used for Phase I testing is provided in Fig 2. where the propellant lines pass across the interface between interstage and the thruster module. A split manifold was utilized in each thruster module to feed propellant to the thrusters. The manifold is mounted to the Tables 2  and 3 . The approach of the Constellation Program has been to require encompassing transient system pressures into the definition of Maximum Design Pressure (MDP), which is the value from which proof and burst pressure levels are determined. In general, higher proof and burst pressures result in more complex, heavier, and more expensive components. It is therefore desirable to minimize the MDP, and the FS RoCS incorporates a few design features to help mitigate the transient (waterhammer) pressure levels. These design features include large manifold line sizes with increased propellant feed line wall thickness, localized propellant tanks to help minimize propellant line lengths and staggered thruster closing times to minimize wave amplification. The MDP for the RoCS w 50 psia by analysis and includes transient effects such as waterhammer surge pressures. System fluid analysis was provided using the MSC software EASY5™ for estimates of preliminary operating conditions.
The system pressure budget includes both nominal and 1-FT component pressure drops, regulator set pressure accuracy (± 4.0%), relief valve cracking and full flow pressure settings. The regulator set pressure (and subsequently the MEOP, MDP, tank pressure, and thruster valve inlet pressure) is based on the component pressure drops associated with a 1-FT operating condition in order to deliver the TCV inlet pressure required for the rated thrust. This is done to ensure that the desired 625 lbf thrust level is achieved in any single failure scenario. Three 1-FT scenarios are also tracked: the propellant filter at maximum holding capacity resulting in an increased fluid pressure drop, a failed regulator which drives the pressure to MEOP, and a failed regulator in which the pressure drops below an acceptable value, before switching to the redundant regulator. Under nominal operating conditions, the pressure drop across the entire feed system is lower than each of the 1-FT cases. The FS RoCS employs a thermal conditioning system to maintain the thruster module and remainder of system within acceptable temperatures ranges prior to operation. The thermal conditioning system consists of a vehicleprovided, warm Gaseous Nitrogen (GN 2 ) purge from the Environmental Conditioning System, and a series of RoCS tank, line, and thruster module wall heaters, and insulation. The purge enters the thruster modules through a 1. 
B. Purpose and Background
The FS RoCS SDTA cold flow test program is a flight representative water flow test article whose primary objective is to obtain fluid system performance data to evaluate integrated system level performance characteristics and validate analytical models. The test data generated will be used to anchor fluid models for the Critical Design Review Hot Fire Test Article (HFTA) system qualification tests. Three additional are:
• Identify any • Allow for further development of critical components -the Thruster Control Valves (TCV) and Pressure Regulators.
• Little historical precedent for large flow, pulsing system (e.g., Space Shuttle primary Reaction Control System, Mars Science Laboratory) The test article was built and tested by SA's Marshall Space Flight Center in Huntsville, Alabama, and is managed by the Valves, Actuators & Ducts Design and Development Branch (ER33).
Due in part to con e 2010 (April -June).
Phase I Testing
The overall goal of the SDTA program is to obtain fluid system performance data using a flight representative configuration to evaluate integrated system level performance characte Ionized (DI) water, with similar fluid properties to Hydrazine, is used to simulate the propellant. The detailed FS RoCS SDTA cold flow test program objectives consist of the foll 1. Evaluate system surge pressure (waterhammer) characteristics due to TCV operation over a range of mission duty cycles and expected operating pre 2. Evaluate temperature transients and heat transfer in the pressurization system, includin blowdown and propellant ullage performance. 3. Measure system pressure drops for comparison on rocesses for loading, unloading and purging.
ion. including six thrusters are being fired ditions are met: ort.
hich will be built unique to the as-built SDTA architecture for comparison to test data, due to the SDTA configuration not being an exact copy of the flight system. etween the test data and the analytical models are resolved post-testing, some of which are inc ll of the major continuing iterations to the flight lay t were not incorporated. 
Phase II Testing
Throughout the planning and testing of the FS RoCS SDTA, work continued on iterating and increasing fidelity in the flight article design towards CDR. In order to move out on the construction and testing of the SDTA, the design and layout had to be frozen in April of 2009, and therefore a ou test data with these iterations, and the test series was completed in late spring ring, and subsequent to, Phase I for additional testing including:
Insufficient waterhammer data with updated flight ma • The thruster module manifold design was changed from "Split" manifold to a "Single" manifold layout two months after completion of Phase 1 testing. The updated manifold design used for Phase II testing is represented P
Figure 3. FS RoCS Updated Flight Thruster Module Manifold Schematic
Phase I in order to compress test schedule and additional data was needed thermocouples was insufficient for model correlation t of data for the discrete steady state demand of 1 -6 thrusters for analytical ss than predicted ace for Phase II testing) results were generated for: se II easurements for relatively 
II. Test Article Design
The FS RoCS SDTA is configured for formal system-level flight development cold flow testing using DI water to simulate the hydrazine propellant and incorporates flight similar hardware (with respect to function). The test article was designed
Deviations from Flight Design
The SDTA simulates the majority of the flight system, but does not contain all of the redundant hardware of the flight configuration, represented in Fig 2. The layout of the Ares I FS RoCS flight configuration, as seen below in Fig 4 , has been modified to create the SDTA; only one set of localized propellant tanks and one thruster module is simulated in the SDTA. The rationale for only incorporating one set of propellant tanks and thruster module is that the two sides of the propellant system are isolated in the "localized" propellant tank configuration (i.e. there is no way for propellant to communicate from one side of the system to the other). It was therefore determined that only one set of propellant tanks and thruster module need be incorporated to adequately simulate propellant fluid dynamic environments and interactions. The flight pressurization system is, however, a distributed architecture and thus in order to simulate the full pressurization system dynamics and flow rates, a simulated pressurant usage valve panel was incorporated (details below). The SDTA uses propellant tanks which are flight similar and mounted in Where most applicable, a welded assembly is used to e the individual flo rature sensors, strain gauges, flowmeters, capacitance probes and accelerometers (further details in Table 5 Table  4. approximately the same location as the flight tanks. A water distribution manifold which is identical (or very similar) to the flight configuration in terms of tube lengths, and bends, including additional ports for test instrumentation is also incorporated into the test article design.
nsure similarity to the all-welded flight propellant manifold. The SDTA does not contain any thrusters. Representative Thruster Control Valves (TCV) are placed at three of the thruster locations with restrictions (manually-adjustable needle valves) downstream to simulate the thruster flow resistance. The representative thruster valves are designed to specifically mimic flow and pressure drop characteristics of the flight thruster valves. The TCVs also mimic the closing shuttle time of the flight thruster valves. The manifold is designed such that the TCVs can be relocated to other thruster locations within the module as needed to achieve all of the test objectives. Turbine flow meters located downstream of the metering valve are used to calibrate steady state flow rates, prior to system testing. Total flow is measured by summing w rates. The remaining thruster valve locations are capped off to replicate the complete manifold. All SDTA components are mounted to a support structure. The primary support structure is designed to be stiff to decouple feed system dynamics. The components are mounted to the support structure using a similar approach to the flight bracketry such that dynamic response of the tubing is simulated. All thruster module plumbing is welded with tubing thickness and material the same as the flight design with the exception of the additional instrumentation ports. Tubing throughout the remainder of the system is assembled using 37 o flare, AN-style fittings. Instrumentation includes dynamic pressure transducers, static pressure transducers, tempe In order to fit the entire system into the applicable test facilities, the footprint of the SDTA is reduced from that of the flight article (approximately 18 ft diameter Interstage), to 10 ft X 10 ft. Pictures of the test article installed in the test cell are shown below in Fig 6. To reduce the footprint of the SDTA, some of the propellant and pressurant fee The SDTA is supported by a non flight-like strong back support structure. The pressurant and water tank assemblies, as well as the panel assemblies are mounted to panels that simulate the curvature of the Ares I Interstage Outer Mold Line (OML). The support structure is designed to support an additional pressurant tank and an ASME code water tank.
Figure 6. System Development Test Article Hardware Integrated into Test Cell (Phase I)
American Institute of Aeronautics and Astronautics A thruster module GHe facility purge is incorporated into the propellant (water) subsystem to allow for low pressure purging of the thruster control valves, as well as to assist with the drying of the system between tests. Facility regulated pressure is incorporated into the test article at the Service Valve panel and is sized to provide sufficient GHe flowrates at pressures from ambient to 1000 psig.
In addition to the instrumentation in the FS RoCS flight configuration, additional test instrumentation is incorporated into the SDTA. The added instrumentation is used to generate data necessary to meet all of the objectives of the system level cold flow development testing.
The flight article will experience several environments that will not be simulated during cold flow testing. These environments include: The FS RoCS SDTA consists of a sub set of hardware associated with the flight article, summarized in Table 5 , as well as additional hardware necessary for testing. 
B. Phase I Testing

Layout
The FS RoCS flight configuration incorporates a distributed pressurization system, in which the GHe pressurant is evenly distributed from a centrally-located set of GHe tanks to each of the localized sets of propellant tanks. In order to accurately simulate the fluid dynamics associated with overall system operation while using only one of the two propellant subsystems with the distributed pressurization system, the SDTA includes Simulated Pressurant Usage (SPU) valves. The SPU valves simulate:
1. The GHe usage associated with tank pressurization needed to operate one thruster 2. The GHe usage associated with tank pressurization needed to operate two thrusters simultaneously 3. The GHe usage associated with tank pressurization needed to operate three thrusters simultaneously 4. The GHe usage associated with pneumatic valve actuation Development grade, flight-similar Composite Overwrapped Pressure Vessel (COPV) water tanks are used for SDTA testing. To conserve the cycle lives of the life-limited COPVs, as well as to allow for vacuum loading (COPV liners are too thin), a more heavy duty ASME (American Society of Mechanical Engineers) Code tank is incorporated into the SDTA for use during portions of the testing. The COPV water tanks selected for FS SDTA testing have an internal volume of 6,912 in 3 (4 ft 3 ) as compared to 8,115 in 3 for the current (DAC2B_S_RevF) flight configuration (14.8% difference in volume). The difference in tank volumes was due the availability of a more offthe-shelf liner size (4 ft 3 ) than that of the flight tanks. The ASME code tank was sized to be approximately twice the volume of one of the flight propellant tanks, 9.4 ft 3 (16,243 in 3 ).
Within the pressurization system development grade flight-similar GHe COPV pressurant tanks are used for SDTA testing. The COPV pressurant tanks selected for FS SDTA testing have an internal volume of 6,912 in 3 as compared to 8,438 in 3 for the current (DAC2B_S_RevF) flight configuration (18.1% difference in volume). Additionally a flight qualified Carleton Delta IV COPV is included in the test article to more closely simulate the heat transfer characteristics of the flight COPVs.
The pressurant valve panel includes parallel GHe pressure isolation and regulation legs. Each leg consists of two high pressure GHe isolation valves (HIV). The downstream (and primary) valves were selected for similar operating conditions to the flight design, in terms of opening and closing response time and flow capacity. The upstream isolation valves are Annin cryogenic ball valves and are included to insure isolation of the high pressure GHe for safety reasons, in case the GHe temperature exceeds the minimum operating temperature of the primary isolation valves. Both types of valves are remotely actuated and used in automated test sequences. Downstream of each primary HIV is a position for a regulator, of which three separate vendor designs were used. As previously mentioned, the SDTA manifold line lengths are designed to match the flight line lengths as closely as possible. The tubing is fabricated from 316L stainless steel. Lines are designed to be bent or welded as much as is practical thereby minimizing the use of fittings in the water feed system, as per the flight design. Flight-similar flex lines, with respect to diameter and length, are also incorporated into the test article design.
A support structure is included to provide hardware support and to interface to the Test Facility. The structural design philosophy is to build a rigid steel test structure such that it is decoupled from the feed system dynamics. 
Instrumentation
The SDTA incorporates additional instrumentation to that included in the flight configuration to be tested. The additional instrumentation is used to generate the data necessary to meet all of the objectives of the system development cold flow testing. A summary of the instrumentation is listed below in Table 6 . All instruments used for test operation were verified to be in current calibration prior to the beginning of testing. High frequency pressure transducers are placed upstream of each set of serial thruster valves to measure the high frequency, high amplitude waterhammer surge pressures generated during the rapid closing of the thruster valves. Dynamic PTs are also placed just upstream of the propellant service valves on the service panel to verify surge pressure levels at those locations, as well as downstream of the pressure regulators to verify dynamic response. Due to the fact that dynamic PTs only measure transient (delta) pressures, a static PT is installed in each position that there is a dynamic PT. The dynamic PTs are flush mounted to the ID of the tubing, and are capable of a 50,000 samples/second sampling rate. A picture of a portion of the thruster module instrumentation is shown in Fig 11. Various types of temperature sensors are incorporated into the SDTA to measure temperatures throughout the system. Thermocouples are flush mounted to the ID of the tubing (or penetrating into the fluid flow path where applicable) to measure internal fluid temperatures, and externally mounted to tubing, component and tank external surfaces to measure external temperatures. They are used for model correlation of heat transfer within the system.
Additional instrumentation included in the test article includes:
• Capacitance probes -Measures water levels in the water tanks.
• Flowmeters -Included downstream of the TCV's to measure water flowrates and upstream of the GHe SPU valves to measure pressurant flowrate.
• Optical probes -Installed onto each stage of one of the series-redundant thruster valves to record the physical displacement of the main pistons during actuation.
• Current traces -Installed on all of the thruster valves to record the current supplied to the pilot valves
The Data Acquisition and Control System (DACS) consists of National Instruments hardware, and Labview™ based software. The DACS includes three different speed chasses -24 channels at 50 kHz, 24 channels at 10 kHz, 24 channels at 1 kHz, and 64 thermocouple channels at 100 Hz. Instruments are filtered by the DACS from 50 kHz to 10 kHz, 10 kHz to 1 kHz, and 1 kHz to 100 Hz respectively.
Custom instrumentation fitting
American Institute of Aeronautics and Astronautics C. Phase II Testing
Layout Updates
As previously mentioned, during and subsequent to Phase I testing, the FS RoCS thruster module manifold design was updated due to concerns with flexibility within the manifold and excessive loads predicted to be transmitted to the thruster valve inlets. To remedy this issue, the Split manifold design used during Phase I testing, was updated to a Single manifold design in which all six 1¼" thruster legs are fed from a single 2" manifold. The Phase II SDTA manifold however incorporated three thruster legs of varying sizes (1", 1¼", and 1½") on the left side of the module to allow for model correlation in the case of a future flight manifold change. Representations of the flight (Single) manifold design as well as the schematic for the Phase II version of this manifold are shown below in Fig 12. Each of the individual thruster legs in the flight design are bent to allow flexibility within the manifold, however for the SDTA manifold the thruster legs were designed as straight segments, as the curvature was not anticipated to affect the fluid dynamics within the manifold.
To reduce propellant loading and unloading times, as well as decontamination purge times in the case of a launch scrub, the fill/drain and purge manifolds were increased on the flight design from ¼" (0.028" wall thickness) to ½" (0.049" wall thickness) lines. Additional rationale for modifying the propellant lines was to increase structural margins and reduce maximum waterhammer surge pressures to provide additional margin to MEOP. In addition, HIV-01 was replaced with a larger flow capacity valve to more accurately simulate the flight design. Orifices were also placed upstream of the service valves to also more closely simulate the associated flight designs. 
Instrumentation Updates
The general layout of the instrumentation was maintained from Phase I to Phase II testing. Within the thruster module, the only significant update was that static PTs were placed at the blind flanges representing the inlets at the thruster valve locations on the opposite side of the manifold not used for testing, as shown in Fig 13. Within the pressurization system additional surface thermocouples were added to the midspan of various sections of tubing to acquire more targeted data for analytical model correlation. To insure the transient waterhammer pressure peaks were adequately captured, the 50 kHz and 10 kHz PT's DACS filtering was removed. 
III. Development Test Planning
A range of system level development tests were performed with the FS RoCS SDTA. Various sets of tests were conducted to assess different aspects of system performance in order to meet the test objectives. Details of the various sets of tests as well as the rationale to conduct these tests are provided below. The Test Procedures used to conduct the tests were generated by the test facility, CDA. 7 Hardware from the NASA MSFC Ares I RCS Advanced Development Hardware (ADH) programs was used for the SDTA regulators and Thruster Control Valves, as available. The remaining hardware is facility grade and sized to be similar flight specifications in terms of fluid performance characteristics. The water and GHe tanks, as well as the thruster module manifold were precision cleaned (per MSFC-SPEC-164, Class I) prior to test article assembly and were maintained with a constant GN 2 trickle purge to reduce the chance of contamination.
The FS SDTA is designed to allow for multiple hardware configurations, depending on the particular type of test being conducted. Multiple hardware configurations were available for:
• The test article is designed for different thruster valves to be tested in any thruster location within the Thruster Module. This includes both different sets of hardware from the same manufacturer, as well as valves from different manufacturers.
A. Checkout Testing
Checkout tests were conducted to verify performance of various components and instruments within the test article as well as to calibrate GHe and water orifices used to accurately simulate expected flow rates in the flight system. Checkout test series "A" was a series of GHe flow tests through each of the SPU valves, and corresponding downstream orifices, to establish the as-installed flow through each SPU valve. Orifice sizes were iteratively tested until the desired flowrate of 3.0 ± 0.2 ACFM per SPU valve was achieved in the upstream, inline flowmeter (FM-05).
Checkout test series "B" was a series of water flow tests for each of the Thruster Control Valves (TCV) to establish the set point of the needle valves downstream of each TCV to establish the desired water flowrate. A series of iterative two second steady state pulse sequences were conducted with the pressure being vented and needle valve position adjusted between each test. The target flowrate was 21.5 ± 1.075 GPM at a static inlet pressure of 641 ± 5 psig and was measured using the respective downstream turbine flowmeters (FM-02, FM-03, FM-04). Once the targeted flow rate was set for each TCV, a custom stem locking mechanism was locked in place to prevent the needle valve stem from rotating during the remainder of the test program. Checkout test series "D" consisted of GHe regulator functional checks. Specifically, two types of regulator check out tests were run: regulator lockup and regulator blowdown performance. Regulator lockup tests consisted of pressurizing the lines downstream of the regulator outlets as well as the tank ullage (with no flow demand), allowing the regulator to go to the maximum non-flowing set pressure, also known as the lockup pressure. The sequence used to perform the lockup tests was to close all downstream vents, pre-pressurize the pressurant lines and tank ullage to a predetermined "pad" pressure (typically 100 psig, but varied between ambient and 600 psig depending on the test), then open the high pressure GHe Isolation Valve (HIV) upstream of the regulator to be tested. This method of pressurization is also referred to as slam-start pressurization due to the nature of the rapid opening of the HIV and the large pressure differential across the regulators.
Pressurant tank blowdown tests were used to determine the baseline performance of the regulator as it regulates the GHe flowrate from high (4500 psig) to low (1500 psig or lower) inlet pressures. The sequence for these tests consisted of the same steps as the regulator lockup test, followed by opening of two of the Simulated Pressurant Usage (SPU) valves to initiate flow through the desired regulator. Flow was terminated by closing the HIV upstream of the regulator at the predetermined minimum inlet pressure (typically 1500 psig). Both of the types of regulator checkout tests were repeated at various points throughout the test program to verify repeatable performance.
B. Simulated Flight Loading
A series of procedures and tests were incorporated in the program to simulate and verify the intended propellant and pressurant loading procedures for the flight design. Pressurant loading from the facility was conducted through the GHe service valve, HSV-03. As is intended for the flight design, the GHe COPVs were limited to 160°F during loading. The facility isolation valve separating the high pressure (6k psig) pressure source from the test article therefore had to be cycled during pressurization to allow the tanks to cool and not exceed the maximum operating temperature. Water was loaded via the propellant service valve PSV-02 to simulate flight loading, and through MV-08 for rapid tank filling when flight loading procedures were not being simulated.
C. Characterization Testing
System characterization tests were conducted to establish baseline performance of various aspects of the test article including GHe blowdown, performance of the flowmeters, pressure drops throughout the system, leakage response, and flowrate within the purge system. As with the checkout tests, characterization tests were run at various times throughout the test program to insure consistent results and to track any changes.
Test series "E" was a series of GHe COPV pressure blowdown tests. These tests were performed to characterize the temperature and pressure profiles for full-pressure range blowdowns. Parameters varied were the heat transfer of the tanks with and without flight-similar insulation, initial loaded pressure, initial test pressure (after the tanks had cooled from loading), and final test pressure. Instrumentation used to compare performance included:
• Thermocouples mounted on the external surface composite overwrap (T-02, 05, 08, 11)
• Thermocouples mounted tank outlet boss (T-01, 04, 07, 10)
• Internal thermocouple probe (T-03, 06, 09, 12) penetrating approximately 8" into the tank through the outlet • Internal gas pressure (P-01, 02, 03, 04) Additionally, MSFC-developed COPVs and a Carleton spaceflight-qualified COPV were compared during testing. The test sequence consisted of filling the water tanks to the starting ullage volume, pressurizing three of the four GHe COPVs to the start pressure, and letting the GHe temperature decay. This was followed by opening the HIV upstream of the regulator to be tested, allowing the regulator to come up to lockup pressure, opening two SPU valves to begin the GHe blowdown, and finally closing the SPU valves at a pre-designated end pressure. The only operational constraint for this test was to limit the maximum gas temperature in the COPVs to 160 o F during loading, to prevent material property changes of the overwrap epoxy.
Test series "F" was a series of runtime integration tests, performed to verify the installed performance of the liquid turbine flowmeters. This was done to verify flowmeter calibration. These tests consisted of filling the test article with a known quantity of water, pressurizing the system to the nominal set pressure and flowing through two thruster valves continuously until the capacitance probe indicated the liquid level was approximately at the bottom of the COPV water tanks. The water that remained in the tanks and propellant manifold was then drained from the system and weighed to see how much water remained in the system (also referred to as catch and weigh). The resulting flow rate measured by the turbine flowmeters was integrated over the pulse length to calculate the quantity of water used. This was then compared to the measured weight of the water loaded, minus the remaining water drained from the test at the completion of the pulse. The initial water loading was accomplished by filling a large container (165 gallons) with water, raising it with a forklift and weighing it with a hanging scale, then loading the test article from that container and weighing the container at the end of the load.
Test series "G" was a series of tests to assess pressure drops in the system. An important aspect of system design is characterization of the pressure drops throughout the system. This enables accurate system simulation and prediction of flight performance. The impact of the flexlines and filter in the propellant manifold on the overall system pressure drop were of greater uncertainty and were assessed in the system characterization "G" tests. This was accomplished by running a baseline flow test to establish the nominal pressure drop from the tank outlet to the TCV inlets. The filter was then removed and replaced with a straight section of tubing and the flow test was repeated at the same tank pressure, thus, quantifying the pressure drop associated with the filter. Following this test, the filter was reinstalled, and the flexline entering the thruster module was removed and replaced in the same manner to quantify the associated pressure drop. System characterization test series "H" was a series of system leakage tests conducted to compare the predicted and actual leakage rates of the pressurized system. These tests were conducted to generate test data to compare to analytical flight system models which are being used to determine the verification criteria for the flight system during future build up, test and checkout, planned at the NASA Michoud Assembly Facility (MAF). As previously mentioned, one of the differences between the SDTA and the flight design is that the test article is primarily assembled with standard mechanical 37 o flare fittings (with the exception being the thruster module manifold which is primarily welded) and the flight system is an all welded design.
Three system leakage tests were conducted. The first test consisted of pressurizing the system from the outlet of the regulators to the inlet of the thruster valves up to 800 psig (approximately system MEOP) with GHe, isolating the system, then holding the pressure for 90 minutes while recording the resultant pressure decay. The pressure was then vented and the test repeated at 100 psig (pad pressure). The final leakage test was conducted to isolate and quantify the leakage in the more complex (and flight-similar) thruster module manifold. This was accomplished by isolating the water tanks and pressurization tubing with manual valves and repeating the pressure decay tests at 800 and 100 psig. Leakage results compared favorably with the analytically predicted values.
Test series "I" was a series of tests to assess the flowrate in the purge circuit within the system. The purge circuit was designed to facilitate decontamination of the flight system in the event of a post-loading mission scrub, requiring the unloading of propellant and removal of hardware. In order to decontaminate the system within a defined timeframe, the flowrate through the purge circuit must be quantified. This test was conducted to verify the flowrate through the as-built, flight-similar test article tubing layout. Because the service valves used for SDTA testing were larger in flow area that those being designed for flight, Phase II testing with updated orifice sizes was conducted to further verify the test results and more accurately quantify the flowrate through the purge system.
D. Waterhammer Testing
Characterization of system level transient surge pressures was a significant portion of this test program. All tubing and component safety factors (proof and burst pressures) are defined as multiples of MDP. Primarily for this reason, a significant portion of the flight design was focused on mitigating maximum surge pressures in the propellant system, commonly referred to as waterhammer. Waterhammer is primarily generated within the liquid manifold following the rapid closing of a thruster valve. For details on aspects of the system design incorporated to mitigate surge pressures, see Reference 4, "Ares I Launch Vehicle Roll and Reaction Control Systems Overview". A series of waterhammer tests were conducted to bound the response in the system for a range of variable parameters including: TCV inlet pressure, number of thrusters firing, initial vacuum load pressure, amount of high point bleeding to eliminate gas in the system, and stagger time between valve closings. The waterhammer tests included single TCV and dual TCV runs several two second pulses. A summarized set of parameters varied during waterhammer testing, as well as the nominal flight design parameters, are provided below in Table 7 . A summary of the waterhammer test series conducted is provided in Table 8 . The dynamic pressure transducers are delta pressure measurements (i.e. transient change in static value), therefore the method used to calculate the maximum transient surge pressure was to add the static pressure measurement to the dynamic pressure. The maximum waterhammer surge pressures are determined by adding the maximum high frequency inlet pressure (filtered to 10 kHz) following valve closure to the average steady state flowing inlet pressure measurement (filtered to 100 -1000 Hz). The pulse sequence, or duty cycle, for the single TCV tests consisted of 4 two second pulses with two seconds between pulses. This was selected to ensure steady flow through the thruster valve and to insure adequate time between pulses for the waterhammer pressure wave to dampen prior to initiation of the next pulse.
One of the major objectives for conducting this test program was to generate flight-similar data to support benchmarking of the in-house EASY5™ (MSC Software) fluid analysis models for increased fidelity towards the Critical Design Review (CDR). The closing response of the thruster valve is an important parameter required for modeling transient pressures within the propellant manifolds. The highest expected surge pressures were anticipated to be at the outlet of the propellant service valves on the flight system (PSV-02 and PSV-04). A picture of the Service Valve Panel is represented in Fig 15. Within the propellant system there are two types of service valves, fill/drain, and thruster module purge valves. The service panel is located 90° around the vehicle from both thruster modules, and both the purge lines and the fill and drain lines must each travel approximately 25 feet to reach the service valves from the thruster manifold. Due to this long line length and the small line diameter of 0.25 inches, early analysis results predicted maximum system pressure surges at the service valve interfaces. In order to accurately quantify the effects of the waterhammer surge pressures at the service valves, high frequency (HFP-02, HFP-03) and low frequency pressure transducers (P-12, P-13) were mounted just downstream of the SDTA service valves.
E. Mission Duty Cycle Testing
The waterhammer test series explored one portion of the fluid system response, primarily the effects of rapid thruster valve cycling at high pressures within the propellant system. In order to assess the overall system performance a series of tests were conducted that simulated anticipated mission profiles over the entire operation of the flight design and are referred to as Mission Duty Cycle (MDC) tests.
The primary valve sequence used for the MDC tests was a modified version of a nominal flight FS RoCS trajectory generated by the NASA Guidance, Navigation, and Control (GN&C) group. The flight sequence consists of a long initial pulse (5-45 seconds) to orient the Ares I vehicle towards the International Space Station, followed by a series of short pulses (0.3 -2 seconds) to provide roll control for any roll torques generated during the remaining 132 second FS mission. This sequence was modified for SDTA testing to consist of a 40 second pulse, followed by a series of shorter, 1.3 second pulses, until 132 seconds is reached. The pulses were scaled to deplete the SDTA COPV water tanks over the course of each MDC test. To accurately simulate the performance of the full flight pressurization system (in which two thruster modules are being operated simultaneously), SPU valves are cycled in conjunction with the thruster valves. Depending on the demand of the specific test, one, two, or three SPU valves are operated to simulate two, four, or six thrusters firing. A summarized set of parameters varied during MDC testing, as well as the nominal flight design points are provided below in Table 9 . The complete series of MDC tests and duty cycles used are represented below in Table 10 . In addition to the nominal duty cycle, various alternate valve sequences were also used, including:
• "Half-system" in which only two of the GHe COPVs were used and only two thruster valves were operated without the use of any SPU valves, closely approximately the volumes and demand of half of the flight system In addition to integrated response characterization of the FS RoCS development thruster valves, the FS RoCS development GHe pressure regulators were also critical components for developing end-to-end performance data. A picture of the pressurization system is shown above in Fig 16 . The GHe COPVs were tested with and without external insulation indicative of the intended flight insulation. Schedule availability determined whether tests included COPV insulation, due to the relatively long time required to fill the GHe COPVs within the temperature constraints (~8 hours with insulation as opposed to ~2 hours without). All of the pressurant lines and water tanks were insulated throughout the test program. 
F. Contingency Scenario Testing
Contingency scenarios are low probability events that are outside of the nominal range of expected conditions. A summary of the contingency scenario test series is provided in Table 11 . Four types of contingency scenarios were tested:
• Simulated demand of six thrusters firing (instead of four) -Low probability scenario predicted by GN&C Monte Carlo mission analyses in which and additional two more are needed to maintain the Ares I within predefined roll rate margins.
• Alternate stagger (shorter) time waterhammer tests -Assessment of system pressure response if thruster valves are inadvertently commanded or experience a failure in which the staggered closing time between two thrusters in one module are less than 200 msec.
• Parallel regulator flow -Nominal operation consists of operating through one regulator and only using the redundant regulator in case of failure. However due to the designed operating envelope of flow limiters, located at the outlet of each regulator, it may be necessary to operate with both regulators online simultaneously. A set of tests were therefore put in place with the ADH Regulators for Phase II testing to explore any potential interaction or operational constraints for operating with parallel regulators.
• Purge Circuit Flowrate -Verification of the gaseous purge flowrate through empty propellant manifolds to simulate decontamination after propellant draining following a launch scrub. 
G. Simulated Failure Testing
The FS RoCS is designed to be one fault-tolerant for function of the system, and one-fault tolerant (or greater) for the prevention of catastrophic hazards. One of the more likely failure scenarios for the high pressure GHe system is over-pressurization of the low pressure section of the system, leading to the possible rupture of the lines, valves, or propellant tanks.
Parallel high pressure GHe Isolation Valves (HIV) and pressure-reducing regulators are designed into the RoCS to provide fault-tolerance for this hazard. One isolation valve and regulator string is used under nominal conditions to control the pressurization system required to fire the Roll Control thrusters. If a regulator were to fail low, high, or wide open, downstream pressure transducers will detect the deviation of the set pressure from a predetermined range (see Table 2 ), and within 200 msec will close the HIV upstream of the failed regulator, open the parallel HIV, and begin to regulate pressure through the parallel regulator. This process and design approach is referred to as Failure Detection, Isolation and Recovery (FDIR). Characterization of system response for over-pressurization during the test program was important for both analytical model correlations, as well as to provide supporting data to verify the FDIR approach.
Additional over-pressurization fault tolerance is provided by incorporating a series Burst Disk (BD) and Relief Valve (RV) assembly has been incorporated into the system design. The maximum, full-flow pressure of the RV also determines the MEOP for the low pressure portion of the system, which is an important design factor that determines the MDP in conjunction with system pressure transients.
A facility regulated supply was used to simulate the wide-open failure of a regulator. The facility supply is tied into the test article downstream of the SDTA regulators at the service valve HSV-02. The initial RV which had been used for the majority of testing has a set pressure of 1100 psig ± 10%. This RV was replaced with a second RV, set at the intended flight MEOP value of 778 psig ± 10%. Multiple automated valve sequences were used to simulate a regulator failure. The first sequence consisted of the simulated nominal firing of four thrusters in a 20 second steady state pulse, with regulated pressurant supply coming from one of the SDTA regulators. Prior to the test the facility regulator (ROR-301) was set to a pressure higher than MEOP (~1000 psig) and isolated from the rest of the test article via an additional isolation valve (ROV-304). A the midway point of the steady state pulse, the facility isolation valve was opened, exposing the system to elevated pressures, locking up the SDTA regulator, quickly (~20 msec) exceeding the minimum cracking pressure of the RV. The facility isolation valve would close after a short duration and the SDTA regulator would again begin to regulate after the outlet pressure dropped back into the operating regulation band. The second automated pulse sequence used was similar in the initiation of facility regulation, but utilized 10 shorter pulses with the simulated over-pressurization again occurring the middle of the sequence. Details of the simulated failure test series is provided in Table 12 . 
IV. Conclusion
The Ares I FS RoCS SDTA cold-flow test program was conducted to simulate the fluid dynamics of the system using flight-similar pressurant and propellant manifolding, valving, tankage, and flight-like pressure regulators and thruster valves. Phase I of the test program reflected the flight system design as of spring 2009, which was followed by Phase II testing using an updated thruster module manifold design, in addition to minor layout and instrumentation updates. A series of waterhammer tests were formulated to assess the transient response within the system across a range of operating conditions and setups. Mission Duty Cycle tests were performed to assess the integrated end-to-end performance of the combined pressurization and propellant systems. Finally contingency and simulated failure scenario tests were formulated to envelope the response and performance of the FS RoCS under the maximum and minimum ranges of possible operating conditions.
The results from Phase I, and preliminary results from Phase II testing, indicate that all stated test objectives were successfully fulfilled. Significant data was collected to benchmark analytical fluid models, provide insight into the function and design requirements for components such as the thruster valve and regulator, and refine planned operating procedures for the flight system. 6, 8 In addition, no major results were identified to invalidate the system design approach. Results, procedures, and correlations from the SDTA program will be used for refining the flight design towards CDR, and also for final system qualification as part of the RoCS Hot Fire Test Article (HFTA) program. This program is currently scheduled for testing in 2012 at the NASA White Sands Test Facility outside of Las Cruces, New Mexico.
